Introduction
From the first remarkably intuitive descriptions of the interconnected membrane compartments of the secretory pathway [1] , through the elegant use of yeast genetics to define key components [2] , to the in vitro reconstitution of individual transport events [3] [4] [5] , our understanding of the mechanisms of intracellular delivery of proteins has become ever more detailed. In recent years, the structural analysis of individual coat proteins has provided a molecular blueprint of how transport vesicles are sculpted from the endoplasmic reticulum (ER), illuminating how the components of the COPII coat interact with each other and with their client cargo proteins [6 ,7,8 ,9 ,10]. A current challenge in the field is to place these static structures back in the context of cellular complexity in order to understand more fully how the process of vesicle biogenesis is regulated and adapted for distinct cellular conditions. In this review, we aim to cover recent advances on the coordination of coat assembly with cargo sorting at the ER and the organization of this export machinery at transitional ER (tER) sites.
The GTPase cycle
Biogenesis of COPII vesicles is regulated at the most basic level by a GTPase cycle under direction of the small GTPase Sar1 (Figure 1) . Like most small G-proteins, Sar1 is a relatively poor GTPase and requires additional factors to efficiently complete the transition between GDP and GTP states (and back again). In the first layer of regulation of COPII vesicle formation, Sar1 is specifically activated on the surface of ER membranes by its guanine nucleotide exchange factor (GEF), Sec12 [11] . Activation to Sar1ÁGTP exposes an amphipathic a-helix that inserts into the lipid bilayer and probably initiates membrane curvature [12, 13] . Sar1ÁGTP also recruits the cargo adaptor complex, Sec23/Sec24, which contains the Sar1-specific GTPase activating protein (GAP) Sec23 [14] . The outer layer of the COPII coat, comprising Sec13/Sec31, binds to the assembled Sar1ÁGTP/Sec23/ Sec24 complex and contributes yet another layer of control to the GTP cycle by stimulating the GTPase activity of Sar1/Sec23 approximately 10-fold [15] . A small, unstructured fragment of Sec31 performs this activity by helping to optimally position the catalytic residues of Sar1 and Sec23 [8 ] . One conundrum posed by this layered arrangement of incremental contributions to GTPase activity is that once the coat is assembled in it entirety, GTP hydrolysis by Sar1 is maximal and thereby drives immediate coat disassembly [15] . Clearly, additional levels of regulation must occur to prevent premature coat dissociation from the membrane in order to allow productive vesicle budding.
Recent experiments making use of minimally reconstituted systems have started to shed some light on how the GTP cycle on Sar1 is modulated to permit cargo loading and vesicle release. The continual presence of Sec12 is able to prolong Sar1 loading onto synthetic liposomes to sufficient levels to maintain association of the COPII coat even in the presence of GTP [16 ,17 ] . However, this probably involves constant turnover of the coat as individual coat components dissociate from the membrane and are replaced by newly associating molecules. This may be important in sustaining coat recruitment to the ER membrane to permit encounters with cargo proteins, but is difficult to reconcile with a stable coat assemblage that is capable of the coordinated action likely responsible for budding a vesicle. Conversely, when cargo proteins are present, Sec23/Sec24 shows a prolonged association with liposomes even after Sar1 has hydrolyzed GTP [17 ] . The GTPase activity on Sar1 remained unchanged under these conditions, suggesting that cargo is unlikely to directly delay GTP hydrolysis but instead stabilizes the coat by providing increased affinity for Sec23/Sec24 to bind the membrane. These observations are consistent with previous data that demonstrated the prolonged association of Sec23/Sec24 and Sec13/Sec31 on gently purified vesicles generated with GTP [4].
The link between cargo capture and the GTPase cycle remains to be fully explored. In other vesicle budding systems (e.g. the COPI coat), signal-containing cargo peptides have been observed to inhibit the GTPase activity of the regulatory G-protein, Arf1 [18] . Such activity has not been demonstrated for the COPII coat, but an intriguing recent study using single molecule fluorescence microscopy raises the possibility that concentration of cargo into nascent vesicles depends on continual flux through the Sar1 GTPase cycle: in the presence of the non-hydrolysable GMP-PNP, fluorescent cargo proteins failed to accumulate in punctate structures observed by TIRF microscopy [19 ] . Furthermore, segregation of a bona fide cargo from an ER resident protein was also dependent on the presence of GTP suggesting a proof-reading function for GTPase activity of Sar1. Although the mechanism by which GTP hydrolysis controls cargo selection remains to be determined, one possibility is that turnover of the Sar1ÁGTP/Sec23/ Sec24 complex permits more efficient sampling of the ER membrane such that coat components bound to incorrect cargo, or recruited to the membrane absent any cargo, are recycled for another chance at productive assembly. Repeated GTPase cycles would then lead to concentration of appropriate cargo into vesicles. It is unclear how to reconcile these ideas with previous observations that transport vesicles bearing a full complement of cargo proteins (and lacking ER residents) bud from microsomal membranes in the presence of GMP-PNP, but further exploration of the nature of the cargo-containing puncta observed in vitro may help elucidate how cargo capture is influenced by the GTP cycle (and vice versa).
Cargo regulation
The molecular characterization of cargo-coat interactions has defined the Sec24 subunit as the main component that drives efficient uptake of specific cargoes into nascent vesicles in yeast [9, 20, 21] . Recent studies have expanded this analysis to mammalian cells and highlighted both the complexity of cargo interactions in the context of multiple isoforms of each COPII subunit and the combinatorial importance of cargo-coat interactions in human development and disease. Mancias and Goldberg [22] identified a novel interaction between human Sec24a and Sec24b isoforms and a folded epitope on the SNARE protein, Sec22, which is consistent with a COPII assembly and the Sar1 GTPase cycle. The COPII coat assembles on the ER membrane through the coordinated action of a number of components. The small G-protein, Sar1, is recruited to the ER membrane by its guanine nucleotide exchange factor (GEF), Sec12, exposing an amphipathic a-helix upon GTP binding. Sar1ÁGTP in turn recruits the Sec23/Sec24 dimer and the Sec13/Sec31 tetramer to create the coat polymer. The GTPase cycle of Sar1 (inset) is controlled by the GEF, Sec12, and the GTPase activating protein (GAP), Sec23. Sec31 further stimulates the GAP activity of Sec23. Sec16 stably marks ER exit sites and is required for their integrity. Recent evidence suggests that instead of a rigid stepwise assembly of the coat, flux of Sar1 through the GTP cycle is required for specific events in the biogenesis of a COPII vesicle. (A) Vesicle release from the donor membrane is impaired when the N-terminal helix of Sar1 is removed [12] or when GTP hydrolysis is prevented [13] . (B) Concentration of cargo proteins in a minimally reconstituted system is reduced when Sar1 cannot hydrolyse GTP [19 ] . Repeated Sar1 GTPase cycles could promote higher affinity associations between Sec23/Sec24 and ER export signals on cargo.
previous mutagenesis study of yeast Sec24 [21] . Conversely, Sec24c and Sec24d have specificity for two other SNAREs, membrin and syntaxin5, at a novel site on the membrane-proximal surface [23] . The importance of such isoform-specific interactions was highlighted by a recent study that identified loss-of-function mutations in Sec24b in a forward genetic screen for neural tube closure defects in mice [24 ] . Additional genetic interactions with mutations in Vangl2, a component of the Wnt signaling pathway, allowed the dissection of the molecular basis for the developmental defect: Vangl2 is packaged into COPII vesicles exclusively by Sec24b and in the absence of this interaction Vangl2 secretion is abrogated, thereby perturbing signaling events that lead to normal neural tube closure. A similarly detailed analysis of the basis for the hereditary developmental disease, CLSD, further cements our understanding of the combinatorial power of the expanded repertoire of COPII coat proteins in metazoans. A point mutation in SEC23A renders the mutant protein incapable of recruiting Sec13/Sec31 to the ER membrane [25 ] . However, this is only true of Sec23a complexed with the Sar1b isoform-complex assembly is normal with the Sar1a protein. How these impaired interactions translate to the disease state is not entirely clear, but probably stems from tissue specificity in expression of the different paralogs.
Despite these detailed descriptions of cargo-coat interactions, it remains to be determined whether there are additional levels of regulation in the cargo-selection process: is cargo capture by Sec24 a stochastic event that relies on simple diffusion and affinity to capitalize on chance encounters between cargo and coat, or is there a hierarchy of cargo recruitment such that the coat is 'primed' by occupation of select cargo proteins (e.g. SNAREs) to more avidly bind additional cargo? Certainly the available crystal structures are not suggestive of allosteric effects of cargo binding on Sec24, but a more precise measurement of affinities of Sec24 for distinct cargoes under different conditions may yet reveal cooperativity in cargo capture.
A corollary to the question of how the coat senses cargo proteins is how the process of ER export manages to accommodate cargoes of widely disparate sizes. In principle, the geometry of the COPII coat should be permissive for generating a variety of structures that would be capable of accommodating cargo of many different sizes. Single particle cryo-EM reconstruction of the spherical 'cage' formed by purified Sec13/Sec31 revealed a basic architecture that in principle is capable of coming together in a variety of ways to create structures of increasing dimensions [10], although alternative configurations that correspond to tubular structures have not yet been directly observed. Certainly, the composition of the COPII coat can directly influence the size of the vesicle; in the presence of the yeast Sec24 paralog, Lst1, vesicles generated in vitro are significantly larger than those generated with Sec24 alone [26] . Whether this is a direct consequence of the structure of Lst1 or results from the enhanced incorporation of Lst1-specific cargoes remains to be determined, although Lst1-containing vesicles retained their size advantage even when the abundant oligomeric cargo, Pma1, was rendered monomeric [27] .
Understanding how outsized cargo proteins are handled by the ER export machinery is a major challenge for the field. Oligomeric assemblies of pro-collagen form 300 nm filaments within the ER that are too large for the canonical 80-100 nm COPII vesicle, yet COPII components are clearly required for their transport. Morphometric analysis raised the controversial model that the function of COPII in procollagen export was at the organizational level: the outer coat component, Sec31, was localized adjacent to (but not co-incident with) tubular regions of the ER that seemed to be engaged in traffic of procollagen [28] . However, quantitative EM analysis following the fates of the smaller cargo, VSVG, and of procollagen after release of an ER retention block revealed a significant cumulative co-localization of pro-collagen with the inner coat component, Sec23 [28] . This suggests an intimate coupling between pro-collagen and the cargo adaptor component of the COPII coat, albeit with slower kinetics than observed for the smaller cargo protein, VSVG. Furthermore, Sec13 depletion from either human cells or zebrafish led to a specific defect in collagen transport, further solidifying a link between the COPII coat and efficient traffic of this unusually large cargo client [29 ] . More recent results indicate there may be a physical link between pro-collagen and the COPII coat: the ER membrane protein TANGO1 co-immunoprecipitates with procollagen and interacts with Sec23/Sec24 in a yeast two-hybrid assay [30 ] . Yet TANGO1 itself is not incorporated into COPII vesicles generated in vitro, thus does not behave as expected for a canonical cargo receptor. However, it is not clear whether this in vitro reaction actually recapitulates pro-collagen export, so TANGO1 may yet prove to be a standard cargo adaptor that simply links a lumenal cargo protein to the cytoplasmic coat. Conversely, TANGO1 may play a broader role in the organization of ER exit sites, perhaps by creating favorable regions of high membrane curvature through its distinct topology.
In contrast to signal-mediated export of proteins (either through direct interaction with Sec24 in the case of membrane proteins, or indirect recruitment through receptors in the case of soluble lumenal cargo), some secretory proteins seem to enter transport vesicles absent any positive selection. Known as 'bulk flow', this signalindependent export probably stems from stochastic sampling of the membrane and fluid phases of the ER during vesicle formation. Recent detailed measurement of the rate of bulk flow transport in mammalian cells revealed surprisingly efficient secretion: a rapidly folding domain of a viral capsid protein was detected in the extracellular medium within 16 min of synthesis, before any other cellular proteins were detectable [31 ] . Precisely how many native secretory proteins rely on this non-selective process remains to be seen, however the abundant pancreatic enzymes, amylase and chymotrypsinogen, seem to employ bulk flow transport, in that they are not enriched in COPII vesicles over their prevailing concentration in the ER [32] . The reliance of such proteins on efficient production of COPII vesicles without being active players in their biogenesis raises questions as to how cells would regulate vesicle formation to ensure adequate levels of secretion. This issue is particularly pertinent in light of experiments demonstrating that cargo load in the ER can dramatically influence the abundance of ER exit sites [33, 34, 35 ], presumably at least partly through the direct recruitment of COPII proteins. The unfolded protein response (UPR) is required for this increase in COPII-positive structures [35 ] , and it is tempting to speculate that the UPR, which has the capacity to upregulate COPII proteins and finetune lipid synthesis for expansion of the ER membrane [36,37], will turn out to play a central role in the cross-talk between cargo abundance in the ER and the ability of the ER to manage the efficient folding and export of its client load under a variety of conditions.
Higher order structural organization and the role of Sec16
The ability of cargo to influence the number of transitional ER exit sites raises important questions regarding the fundamental nature of these domains: what are the molecular mechanisms by which they are generated, maintained, remodeled and disassembled in response to changing cellular conditions? Unlike the simple selfassembly of individual COPII coat proteins on a planar membrane [38] , sites of vesicle biogenesis in vivo are more complex, undergoing dynamic fusion and fission while segregating folded cargo and coat components from the bulk ER [39]. Sec16 is emerging as a key player in maintaining the integrity of ER exit sites. Originally isolated as a classic secretion mutant in Saccharomyces cerevisiae, an organizational role for Sec16 was first demonstrated by Glick and co-workers, who isolated a Pichia pastoris sec16 mutant in a screen for fragmented tER exit sites [40] . More recently, a number of groups have characterized Sec16 orthologs from metazoans and find a number of common features. Knockdown of Sec16 causes fragmentation of ER exit sites and blocks secretion, similar to the effect of mutating Sec16 in both yeast systems [41 ,42 ,43 ,44 ] . Sec16 localizes to ER exit sites independently of the Sec23/Sec24 and Sec13/Sec31 coat components and thus seems to act upstream in recruiting these components to sites of vesicle formation [43 ,44 ] . The relationship between Sec16 and Sar1 is a little less clear; in mammalian cells, Sar1ÁGTP was required for recruitment of Sec16 to ER exit sites [41 ] , whereas in Drosophila S2 cells, the opposite is true -Sec16 recruits Sar1 [44 ] . It is worth noting, however, that in the S2 dSar1 knockdown experiment and in cells expressing the GTP-locked form of Sar1, Sec16-positive punctae were larger and fewer in number, suggesting that dynamic remodeling occurs at these sites during the GTP cycle [44 ] . Interestingly, in both Drosophila S2 and human cells, Sec16 localizes to distinct cup-shaped membrane structures [43 ,44 ] , although whether Sec16 generates these domains or simply has a preference for these curved membranes remains to be seen.
Biochemical characterization of Sec16 has been somewhat difficult and its precise molecular function remains unclear [45] . However, the large size and multi-domain structure of Sec16 coupled with the ability to interact with all of the COPII coat subunits suggests a scaffolding role in promoting or organizing coat assembly [43 ,46,47] . Consistent with this model, Sec16 is required for the cargo-dependent increase in ER export [35 ] , functioning to increase the size of ER exit sites (as defined by the COPII coat proteins themselves) to cope with an additional cargo load. Whether a fraction of Sec16 is itself incorporated into COPII vesicles, or more stably resides at ER exit sites remains unclear. Although Sec16 was detected on COPII vesicles generated in vitro [48] , recent high-resolution microscopy suggests that at least a population of Sec16 is juxtaposed with, but segregated from, the majority of Sec23/Sec24 and Sec13/Sec31 [43 ] . However, interpretation of each of these experiments is problematic: the in vitro incorporation of Sec16 into vesicles was very low ($1% of the donor population was found on vesicles), which may represent non-specific association, and conversely, the segregation of Sec16 from the COPII coat comes from a steady-state observation that may not accurately reflect significant co-localization in a highly dynamic system.
Although it is clear that Sec16 is a key player in the organization of ER exit sites, we still lack a detailed understanding of exactly what this large multi-domain protein is doing. Does Sec16 function in the context of cargo proteins themselves to regulate access to ER exit sites, or is it simply a placeholder for COPII recruitment? How is Sec16 itself regulated in response to changing cellular conditions? What acts upstream of Sec16 to recruit it to ER exit sites, or is it the foundation for these sites and defines these domains where it self-assembles? While several questions remain regarding the mechanisms of Sec16 action at tER sites, directed experiments to dissect Sec16 function should be informative.
Membrane lipids in ER export and tER site assembly
While substantial progress has been made in defining the core protein machinery that catalyzes ER export, the role of specific membrane lipids in vesicle budding from the ER is relatively unexplored. Minimal budding reactions reconstituted with purified COPII proteins and synthetic liposomes indicated a requirement for acidic phospholipids (e.g. phosphatidic acid or PI4P) to recruit Sec23/ Sec24 and produce budded vesicles [49] . Additional in vivo and in vitro studies suggest that lipid-modifying activities including PLD [50] and LPAT [51] are required for COPII vesicle formation. Moreover synthesis of PI4P [52] and fatty acids [53] are required for normal tER site structure and function. The stages in COPII-dependent ER export from coat recruitment to vesicle scission could depend on general membrane properties wherein a range of different lipid compositions could satisfy these biophysical requirements. Alternatively, COPII subunits, Sec16 and other uncharacterized components could contain specific lipid binding domains that are required for coat assembly and for higher order organization of tER sites. Finally, localized lipid modification(s) during vesicle formation could act in promoting membrane curvature or vesicle scission. Testing these potential models will require new lines of investigation but seem critical to fully elucidate ER export mechanisms.
Conclusions
Over the past several years major advances have been realized in identifying and structurally characterizing core components of the ER export machinery, establishing molecular models for cargo sorting and coat assembly that are controlled by the Sar1 GTPase, and connecting components of the COPII machinery to cellular structures that can be monitored in live cells. The challenges that lie ahead are to further integrate our knowledge on this core machinery into a cellular context where dynamic cargo and lipid concentrations are coupled to cellular status and together regulate ER export. Manipulation of minimally reconstituted in vitro assays has been extremely powerful in defining molecular mechanisms therefore including additional layers of control in these refined systems (e.g. addition of functional Sec16, distinct cargo molecules and lipids) should continue to be informative. However it will be equally important to combine these in vitro assays with high-resolution real-time imaging approaches to test regulatory models and to directly measure coat assembly and budding rates in live cells. Both approaches appear to be well underway and we look forward to future developments.
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